Introduction
Mobile manipulators refer to robotic manipulators mounted on mobile platforms. Such systems combine the advantages of mobile platforms and robotic arms and reduce their drawbacks. For instance, the mobile platform extends the arm workspace, whereas the arm offers much operational functionality. Applications for such systems could be found in mining, construction, forestry, planetary exploration, and military. Mobile manipulators possess complex and strongly coupled dynamics of mobile platforms and manipulators. A control approach by nonlinear feedback linearizaion was presented for the mobile platform so that the manipulator is always positioned at the preferred configurations measured by its manipulability (Yamamoto& Yun, 1994) . In (Yamamoto& Yun, 1996) , the effect of the dynamic interaction on the tracking performance of a mobile manipulator was studied, and nonlinear feedback control for the mobile manipulator was developed to compensate the dynamic interaction. In (Khatib,1999) , a basic framework for the coordination and control of vehicle-arm systems was presented, which consists of two basic taskoriented control: end-effector task control and platform self posture control. The standard definition of manipulability was generalized to the case of mobile manipulators and the optimization of criteria inherited from manipulability considerations were given to generate the controls of the system when its end-effector motion was imposed (Bayle , Fourquet & Renaud, 2003) .
The above literature concerning with control of the mobile manipulator has been limited to the systems whose dynamics are completely known. However, control of the entire state of the system with uncertainty is essential for practical applications, where not only the motion but also the force of the end-effector of the manipulator should be considered. Therefore, the state and the constraint force are required to asymptotically converge to the desired trajectory and constraint force, respectively, in the presence of uncertainty. Adaptive Neural Network (NN) based controls for the arm and the base had been proposed for the joint-space position control of a mobile manipulator (Lin & Goldenberg, 2001) , each NN control output comprise a linear control term and a compensation term for parameter uncertainty and disturbances. Adaptive control was proposed for trajectory/force control of mobile manipulators subjected to holonomic and nonholonomic constraints with unknown inertia parameters (Dong, 2002) , which ensures the state of the system to asymptotically converge to the desired trajectory and force. In (Tan ; Xi & Wang, 2003) , a unified model for mobile manipulator was derived and nonlinear feedback was applied to linearize and decouple the model, and decoupled force/position control of the endeffector along the same direction for mobile manipulators was proposed and applied to nonholonomic cart pushing. This paper addresses the problem of stabilization of force/motion control for a class of mobile manipulator systems with both holonomic and nonholonomic constraints in the parameter uncertainties and external disturbances Xu & Shimojo, 2006) . The main contributions of this paper are listed as follows: (i) Decoupling robust motion/force control strategies are presented for mobile manipulator with both holonomic and nonholonomic constraints in the parameter uncertainties and external disturbances; (ii) Nonregressor based control design is developed in a unified manner without imposing any restriction on the system dynamics; and
Effective force control is investigated using the passivity of hybrid joint, which removes the need for the force sensor and eliminates the time-delay, noise and disturbance from the sensors. The simulation and experiment results validate the system motion converges to the desired manifold with prescribed performance and with the bounded constraint force using the proposed control strategies. The rest of the paper is organized as follows. The system description of mobile manipulator subject to nonholonomic constraints and holonomic are briefly described in Section 2. Problem statement for the system control is given in Section 3. The main results of robust adaptive control design are presented in Section 4. Simulation studies are presented by comparison between the proposed robust control with non-robust control in Section 5, and system setup and experiment results are provided in Section 6. Concluding remarks are given in Section 7. 
System Description
Consider an n DOF mobile manipulator with a nonholonomic mobile base as shown in Fig.1 . The constrained mechanical system can be described as coordinates of the manipulator, and n v m = + . The mobile platform is subjected to nonholonomic constraints, the l non-integrable and independent velocity constraints can be expressed as
where
constraint matrix which is assumed to have full rank l . In the paper, the mobile base is assumed to be completely nonholonomic and exactly known. The effect of the constraints can be viewed as restricting the dynamics on the manifold
The generalized constraint forces for the nonholonomic constraints can be given by ( )
known as force on the contact point between the rigid body and environmental surfaces. Assume that the annihilator of the co-distribution spanned by the covector fields 1 ( ), , ( )
smooth and linearly independent vector fields
Thus,
Considering the nonholonomic constraints (2) and its derivative, the dynamics of a mobile manipulator can be expressed as
Assume that the system (3) is subjected to k independent holonomic constraints, which can be written as
where ( ) h q is full rank, then ( ) / J q h q = ∂ ∂ . The holonomic constraints could be further written as:
The holonomic constraint force h f can be converted to the joint space as
Hence, the holonomic constraint on the robot's end-effector can be viewed as restricting only the dynamics on the constraint manifold
Assume that the mobile manipulator is a series-chain multi-link manipulator with holonomic constraints (i.e. geometric constraints). The vector qa can be further rearranged and partitioned into 
From (McClamroch & Wang, 1988) , it could be concluded q is the function of
and ( )
The dynamic model (3), when it restricted to the constraint surface, can be transformed into the reduced model:
L by both sides of (8), we can obtain
The force multipliers h λ can be obtained by (8)
The matrix 
Problem Statement
Since the system is subjected to the nonholonomic constraint (2) and holonomic constraint (4), the states v q , Consider the control input u as the form:
Robust Control Design
then, (9) and (10) can be changed to
Consider the following control laws: Consider the mechanical system described by (1), (2) and(4), using the control law (15) and (17), the following hold for any ( (0), (0) 
Consider the function,
From Property 2.1, we have converges to a set containing the origin as t → ∞ .
(ii) Integrating both sides of the above equation gives 
Therefore, all the signals on the right hand side of (20) are bounded and we can conclude that r and therefore ζ are bounded. Thus, r → ∞ as t → ∞ can be obtained. (15) and (17) into the reduced order dynamic system model (14) yields
The proof is completed by noticing that since d ζ and ( ) Z q is bounded. Moreover, the righthand side terms of (24) tend to zero, then it follows that
Simulations
To verify the effectiveness of the proposed control algorithm, the model and parameters of mobile manipulator system in (Dong, 2002) [ , , , , ]
x y θ θ θ = and the end-effector is subject to the geometric constraint:
The trajectory and force tracking control problem is to design control law τ such that (11) hold and all internal signals are bounded. In the simulation, we assume the parameter 
System Setup and Experiment
The hybrid joint presented in Gu & Shimojo, 2005) consists of an electromagnetic clutch between the motor and the output shaft as shown in Fig. 7 . The hybrid joint has two exchangeable modes: passive and active mode. When the clutch is released, the joint is free and switched to the passive, and the free link is directly controlled by the coupling characteristics of the manipulator dynamics. When the clutch is on, the link is controlled with the motor. The nonholonomic mobile manipulator consists of a nonholonomic mobile platform and a 5-DOF arm, which has totally 5 revolute hybrid joints, as shown in Fig. 8 . The control schematics is shown in Fig.9 . The hybrid joints and brake unit are controlled by the DIO card and relay board. Generally, a force sensor must be equipped with the endeffector to measure the contact force with the surface from (17). However, in our study, we make full use of the passivity of hybrid joint of mobile manipulator in which the deformation of link caused by contact force can be measured by the joint shaft encoder as shown in Fig. 7 , if the hybrid joint is switched into the passive state. The holonomic constraint is a 3D curve on the cylinder which is vertical to the ground (X-Y plane) as shown in the Fig.1 . We assume the joint 5 to be passive. All other joints are active and the corresponding joint angles are measured from the motor encoders. We can obtain the constraint force, as shown in Fig.10 , simplified as: q is passive, it can be seen (25) can be easily satified. If the tool's length is given, from (25) and 
As for the friction force, we could consider it among μ in (20).
We implement the above control method to trajectory and force control, for simplicity, we consider the holonomic constraint is 3D curve The control results are shown in Fig. 12 and Fig. 13 , they are the trajectory tracking error and constraint force tracking error, respectively, under different the desired velocity of mobile base(20mm/s-40mm/s). It can be seen that the motion error converges to zero and the force error remains bounded simultaneously. Althoug both tracking error is fluctuated a little as the velocity of the mobile base increased, the error result is within the enough accuracy (5%). 
Conclusion
Decoupling robust motion/force control strategies have benn presented for mobile manipulator with both holonomic and nonholonomic constraints in the parameter uncertainties and external disturbances. Nonregressor based control design has been developed in a unified manner without imposing any restriction on the system dynamics; and effective force control is investigated using the passivity of hybrid joint, which removes the need for the force sensor and eliminates the time-delay, noise and disturbance from the sensors. Simulation studies and experiments have verified the effectiveness of the proposed controller.
